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A model of Ca2+-free calmodulin binding to unconventional
myosins reveals how calmodulin acts as a regulatory switch
Anne Houdusse, Michael Silver and Carolyn Cohen*
Background:  In contrast to conventional muscle myosins, where two different
light chains (LCs) stabilize the elongated regulatory domain (RD) region of the
head portion of the molecule, unconventional myosins are a diverse group of
motors in which from one to six calmodulin (CaM) subunits are bound tandemly
to the RD. In both cases, the heavy chains of the RDs have special sequences
called ‘IQ motifs’ to which the LCs or CaM bind. A previously puzzling aspect of
certain unconventional myosins is their unusual mode of regulation, where
activation of motility occurs at low levels of Ca2+. Although the atomic structure
of the conventional muscle myosin RD has been determined, no crystallographic
structure of the RD of an unconventional myosin is yet available.
Results:  We have constructed a model of vertebrate CaM bound to the first IQ
motif present in the neck region of an unconventional myosin (chicken brush
border myosin I), using strict binding rules derived from the crystal structure of
the scallop RD. The model accounts for aspects of the regulation of many
unconventional myosins where CaM is bound at low levels of Ca2+ and released
or changed in conformation at high levels of Ca2+. The conformational changes
as a function of Ca2+ depend not only on the precise sequence of the IQ motifs
but also on the interactions between CaM molecules bound to adjacent sites on
the myosin heavy chain.
Conclusions:  According to our model, the full versatility of CaM binding to
target peptides is displayed in the regulation of unconventional myosins. At low
concentrations of Ca2+, CaM binds in a manner similar to the LCs of conventional
myosins. At higher Ca2+ concentrations, CaM changes conformation and acts as
a switch to regulate the activity of the unconventional myosin molecules.
Introduction
Calmodulin (CaM) is the most common Ca2+ switch in the
cell. This small Ca2+-sensing molecule binds to a wide
variety of target proteins and acts as a trigger to modify their
functions. CaM is a dumbell-shaped molecule, each lobe of
which comprises two homologous domains consisting of
two helix-loop-helix Ca2+-binding sites, called EF-hands.
The molecule is designed so that in the Ca2+-bound state it
can interact with a broad range of target protein sequences;
a number of structures of Ca2+-CaM–target peptide com-
plexes have been determined to atomic resolution [1–3].
These structures reveal that the basic requirement for this
interaction is a flexible pattern of hydrophobic residues on
the target peptide, which binds deep within the hydropho-
bic pocket of each of the two open lobes of Ca2+–CaM (see
below). The specific sequence on the peptide can vary con-
siderably so that CaM can interact with and modify the
function of many different enzymes [4].
In contrast, Ca2+-free CaM binds to, and can regulate a
variety of proteins whose target sequences are far more
restricted. Proteins such as unconventional myosins, neuro-
modulin, and neurogranin bind CaM tightly at low Ca2+
concentrations, and functional changes are triggered at
higher levels of Ca2+ [5,6]. All these targets are characterized
by a special sequence of about 25 residues called the ‘IQ
motif’ which is found repeated tandemly in the heavy chain
(HC) of many myosins [7]. The core consensus sequence
has the form ‘Ile-Gln-x-x-Ile-Arg-Gly-x-x-x-Arg’ (where x 
is any amino acid) [8]. No atomic structure is yet available,
however, for Ca2+-free CaM bound to such a target peptide.
NMR studies of apo-CaM show that both lobes adopt 
a ‘closed’ or ‘almost closed’ conformation (see below) [9,10].
Similar experiments on an apo-CaM–IQ motif peptide
complex appear to reveal little change in the secondary
structure of CaM [11]. It seems unlikely, however, that two
closed lobes can bind tightly to a helical peptide.
Unconventional myosins are a diverse group of motor pro-
teins involved in a wide range of cellular activities [12].
They may be two-headed, as in conventional myosins, 
or single-headed. The structures of the enzymatic head
regions of all myosins are relatively conserved, but the
elongated neck regions differ. In the case of conventional
myosin II, two different light chains (LCs) stabilize the
helical HC, whereas, in the case of the unconventional
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myosins, from one to six CaM subunits are tandemly
bound to the HC. (Note that specific light chains may also
be present, but evidence is not yet available on this point.)
CaM has both a structural and regulatory role [5] in these
myosins in response to the level of Ca2+ ions.
Atomic structure determinations of LC binding to the HC
of a conventional muscle myosin II (scallop) [8,13], have
provided the rationale for modeling how Ca2+-free CaM
might interact with a target peptide containing an IQ
motif. In this study we have selected the first IQ motif of
an unconventional myosin I HC from chicken intestinal
brush border. This first IQ motif has the standard consen-
sus sequence, and is followed in tandem by two or three
other motifs on the HC (see below). In carrying out the
modeling our basic premise was that the C-terminal lobe
of CaM would adopt a so-called ‘semi-open’ conformation
(see below), observed previously in both LCs of myosin II
[4]. The model shows that most of the interactions that
occur between the LCs and the IQ motif sequence on the
HC can also be formed between CaM and the IQ motif
peptide. We also describe how these interactions may be
affected by the presence of adjacent CaM subunits, and
how Ca2+ may alter the conformational states of such com-
plexes. We have included as well a sequence comparison
of certain members of the myosin superfamily and the
neuromodulins in order to assess how well this model
applies to these other proteins.
Results
Rationale: CaM and LC lobe conformations and the IQ motif
Three distinct lobe conformations have now been estab-
lished for members of the CaM superfamily [4]. Two of
these conformations, ‘open’ and ‘closed,’ depend, respec-
tively, on the presence or absence of bound divalent cations
(Fig. 1). The ‘open’ is the gripping form whose target
sequence has a hydrophobic character; the ‘closed’ is non-
gripping. The third conformation, which we have called
‘semi-open,’ is displayed by each of the C-terminal lobes in
the two LCs of conventional myosins neither of which can
bind metal ions. Here the lobe tips, rather than the lobe
interior, interact strongly and specifically with the two faces
of the special amphipathic target helix having the first part
of the IQ motif core (Ile-Gln-x-x-Ile-Arg) (Fig. 1). This is
the most critical part of the motif that determines the lobe
conformation and also positions each of the two LCs on the
HC. The second part of the IQ motif core (Gly-x-x-x-Arg)
plays a minor role in fixing the position of the essential light
chain (ELC) N-terminal lobe on the HC and does not
affect lobe conformation. This LC lobe is in the non-grip-
ping closed form and binds rather weakly to the HC; this
lobe is also positioned by a number of ternary interactions
involving other lobes of the two LCs in scallop myosin.
Two types of IQ motif have been identified in conven-
tional myosins. The first kind, which binds the ELC in
conventional myosins, and is found as well in many uncon-
ventional myosins, is ‘complete’ (i.e. having both parts of
the motif) (Figs 2,3). In contrast, the second IQ motif of
conventional myosins, which binds the regulatory light
chain (RLC), is ‘incomplete’ having only the first part of
the motif. In this case the second arginine is missing and
the target sequence is terminated with a pattern of aro-
matic residues similar to that found in certain Ca2+-CaM
target peptides [4]. Correspondingly, the N-terminal lobe
of this LC binds Mg2+ and has an open conformation
which grips the target helix in a manner somewhat similar
to that of an open lobe of CaM. Note that this pattern for
the second part of an incomplete IQ motif characterizes
the second IQ motif of conventional myosins only, and is
not seen (in this exact form) in any of the CaM-binding
sites in unconventional myosins (Fig. 3).
Taken together, these results provide the basis for our
model of Ca2+-free CaM bound to a target peptide with 
an IQ motif, as well as our additional speculations on the
conformational states of such complexes as a function of
target sequence, Ca2+ concentration and local interactions.
Description of the model
The close sequence and structural homology between CaM
and the LCs of myosin provide a reliable basis for modeling
a complex between Ca2+-free CaM and a peptide having an
IQ motif. The sequences of CaM and the ELC of scallop
myosin exhibit 40% identity and 63% similarity (Fig. 2).
Essential conserved IQ motif interactions, which are found
in the C-terminal lobes of both the ELC and RLC of
scallop myosin, are also present in the CaM model (see
below). The close homology between these key contact
points lends credence to our assumption that the Ca2+-free
C-terminal lobe of CaM, like the myosin LC, adopts a
semi-open conformation. In contrast, we have modeled the
N-terminal lobe of CaM, which interacts relatively weakly
with the second half of the IQ motif (Gly-x-x-x-Arg), to
adopt a closed lobe in the absence of Ca2+ (similar to that 
of the N-terminal lobe of apo-CaM in solution) [9,10].
(Details of the model building are described in the Materi-
als and methods section.) The strong specific linkages of
the semi-open C-terminal lobe of CaM to the first part of
the IQ motif in the peptide act as a conformational clamp
that permits tight binding to the target peptide.
The overall shape of the Ca2+-free CaM–IQ motif complex
differs significantly from that of various complexes of
Ca2+–CaM bound to target peptides [1–3]. The topology of
IQ motif binding allows the stabilization of about 30
residues of the target helix by apo-CaM (or a LC), leading
to an elongated shape for the complex, compared with
about 20 residues for the Ca2+–CaM complexes, which are
relatively compact. In both cases, the lobes recognize pat-
terns of residues located on opposite sides of the target
helix so that they form a kind of channel that surrounds the
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middle part of the helix (Fig. 4). However, the two lobes
(of either CaM or the LC) share different spans of the
target helix (only ~10 residues in the Ca2+-free CaM–IQ
motif complex, but ~20 in the Ca2+-CaM–target peptide
complexes). (These target site arrangements are very dif-
ferent from those in the target helix of calcineurin A bound
to calcineurin B [14], which is recognized on only one side
of the helix, so that the binding sites do not overlap.) Only
a limited number of interactions occur between the two
lobes of the ELC (or two lobes of apo-CaM) when bound
to an IQ motif peptide, but these play a critical role in
allowing the channel surrounding the peptide to close, as
well as fixing the position of the weakly bound N-terminal
lobe (Fig. 4). 
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Figure 1
Stereo diagram showing the comparison of the
closed N-terminal lobe of CaM (a) and the
C-terminal lobe of CaM in three different con-
formations: almost closed (b); semi-open
(c); and open (d). The orientation of the first
helix of each lobe (helix A or E, colored blue) is
similar in the four stereo diagrams. The EF-
hand loops are in cyan. Note the differences in
the orientation of the helices of these lobes:
helices A and B in blue in (a); helices E and F
in blue in (b,c,d); helices C and D in yellow in
(a); helices G and H in yellow in (b,c,d); as
well as the conformation of the linker (purple).
Apo-CaM free in solution adopts a closed con-
formation for the N-terminal lobe (a) and an
almost closed conformation for the C-terminal
lobe (b). Differences occur in the orientation of
the four helices of these two lobes as reported
by Swindells and Ikura [16]. We have pro-
posed that when bound to an IQ motif peptide,
apo-CaM adopts a semi-open conformation (c)
which differs from the almost closed conforma-
tion both in the orientation of the helices and
the conformation of linker 3; in the semi-open
state, the opening of the lobe pocket is wide
enough to allow the peptide to be gripped by
the lobe tips. By contrast, in the almost closed
state, the peptide cannot be inserted into the
lobe. Ca2+–CaM adopts an open conformation
which allows a non-IQ motif peptide to bind
deep in the lobe (d); Ca2+ ions are depicted
as red spheres and the target helices are in
gray. (Stereo diagram generated using the
program MOLSCRIPT [32].)
A key aspect of the model is the polarity of the target
protein with respect to the two EF-hand domains in each
lobe. In both the Ca2+–CaM–peptide and apo-CaM–IQ
motif complexes, the N-terminal portion of the target helix
is recognized primarily by the C-terminal lobe of CaM, 
so that the target and its binding protein in the complex
have opposite polarities. Within each lobe, however, the
interacting domains have a different arrangement in the
two complexes [4,13]. Thus in the model of the apo-CaM
complex (as in the binding of the ELC or RLC to the HC),
proceeding from the HC N to C terminus, the IQ motif
residues first contact LC domain III, then IV, II and I (Fig.
4). In contrast, the domains of Ca2+–CaM binding to non-
IQ motif sequences are first IV, then III, I and II. (The
unique binding topology of light chains with IQ motifs is
due to the consensus residues isoleucine, which orients the
hydrophobic center of the LC C-terminal lobe, and gluta-
mine and arginine, which anchor linker 3. The relative
positions of these two structural features necessitates a
left-handed wrapping of myosin LCs around the HC, com-
pared with the right-handed wrapping of CaM around non-
IQ motif peptides.)
Interactions between CaM and the IQ motif peptide
A detailed comparison of the interactions in the scallop
ELC–HC and the apo-CaM–IQ motif peptide complexes
reveals the key contacts that are conserved in the two
cases (Fig. 5). Most of these interactions involve the
anchoring of two linker regions (linker 3 in the C-terminal
lobe and linker 1 in the N-terminal lobe) to opposite faces
of the target helix; additional contacts between these two
linkers also occur (Fig. 6). The residues involved in the
strong interactions of the semi-open C-terminal lobe with
the critical first part of the IQ motif (Ile-Gln-x-x-Ile-Arg)
determine the conformation of the lobe and linker 3.
These interactions can occur similarly in the ELC–HC
and the apo-CaM–peptide complexes. They include five
specific hydrogen bonds from the glutamine and arginine
residues of the IQ motif and a number of hydrophobic
interactions between apolar residues of the motif and the
apolar interior of the semi-open lobe (Fig. 5,6). The inter-
actions of the second part of the IQ motif (Gly-x-x-x-Arg)
help determine the position of the closed N-terminal lobe.
In both complexes, the last arginine makes three hydro-
gen bonds with residues of linker 1 of the N-terminal
lobe. The glycine residue of the IQ motif is very close 
to the N-terminal lobe, so that a target peptide with a
larger sidechain in this position would probably alter this
lobe’s location from that in the model. In addition, a patch
of hydrophobic residues on the helix (Ile794, Tyr798,
Leu801 and Arg805 for the HC; Cys671, Tyr675, Met678,
Gln682 for the peptide) interacts with helix A of the N-
terminal lobe. The high sequence homology in the ELC
and CaM (especially in linkers 3 and 1; Fig. 2), therefore,
permits a striking correspondence in the key interactions
in the two complexes.
Few differences between the CaM and ELC sequences
occur at positions which modulate the binding to the IQ
motif peptide. One difference, however, is the substitu-
tion of Tyr86 in the ELC by Ile85 in CaM does not allow
two hydrogen bonds to be formed with the peptide in the
CaM complex. In contrast, the substitution of Asn46 in the
ELC by Glu45 in CaM allows two hydrogen bonds to be
formed in the CaM complex (with IQ motif residue
Arg667) that are not present within the ELC complex
(Fig. 5). (In the apo-CaM complex, this residue makes
hydrogen bonds with both lobes, whereas in the ELC–HC
1478 Structure 1996, Vol 4 No 12
Figure 2
Sequence alignments. (a) Sequence align-
ment of CaM, troponin C (TnC) and essential
light chain (ELC). Amino acid numbers of
residues in CaM are shown above the protein
sequences. Structural elements are identified
with abbreviations: Hel, helix; loop, EF-hand
Ca2+-binding loop; and lk, linker. The highly
conserved linker 3 region in the CaM and ELC
sequences is shown in pink, whereas the
residues which are likely to interact with the
motor domain are shown in purple. Regions of
identity are aligned with a vertical bar; similar
residues with a dot. (b) Sequence alignment
of the scallop myosin HC (ELC-binding site)
and the brush border myosin I HC (first CaM-
binding site). The consensus IQ motif
residues are shown in red.
(a)
N-terminal lobe
 '   10    '   20      '   30    '   40    '   50    '   60    '   70    '    CaM seq
LSQDEIDDLKDVFELFDFWDGRDGAVDAFKLGDVCRCLGINPRNEDVFAVGGTHKM-GEKSLPFEEFLPAYEGLMDC ELC (3-78)
|....| ..|. | |||     || .    || | | || || . ..  .       |. .. | |||      |
LTEEQIAEFKEAFSLFD--KDGDGTITTKELGTVMRSLGQNPTEAELQDMINEVDADGNGTIDFPEFLTMMARKMKD CaM (4-78)
|.|| ||||| || .||   || | |.||||||||| ||||||  ||. .|.||| ||.||||| ||| || | ||.
LSEEMIAEFKAAFDMFD--ADGGGDISTKELGTVMRMLGQNPTKEELDAIIEEVDEDGSGTIDFEEFLVMMVRQMKE TnC (14-88)
 <    Hel A    ><  loop1   < > Hel B > lk1 <  Hel C  >< loop2 < > Hel D >
C-terminal lobe
   80    '   90    '  100    '  110    '  120    '  130      '  140    '      CaM seq
--EQGTFADYMEAFKTFDREGQGFISGAELRHVLTALGERLSDEDVDEIIKLTDLQEDLEGNVKYEDFVKKVMAGPYP ELC (79-154)
     .  .  |||. ||..|.|.|| ||||||.| |||.|.||.|||.|.  |.. |  |.| ||.||  . |
---TDSEEEIREAFRVFDKDGNGYISAAELRHVMTNLGEKLTDEEVDEMIREADIDGD--GQVNYEEFVQMMTA---- CaM (79-147)
     ||||. ..||.|||. .|.|   ||  ..   ||..|.|........ | . |  | ....||..||
DAKGKSEEELANCFRIFDKNADGFIDIEELGEILRATGEHVTEEDIEDLMKDSDKNND--GRIDFDEFLKMMEGVQ-- TnC (89-162)
 lk2 < Hel E   >< loop3 < > Hel F > lk3 <  Hel G  >< loop4    < > Hel H >
(b)
  780    • 790    • 800    •
  RLSKIISMFQAHIRGYLIRKAYKKLQDQRIGLS Skeletal muscle scallop myosin II (777-809)
  RVAELATLIQKMFRGWCCRKRYQLMRKSQILIS Chicken brush border myosin I (654-686)
   • 660    • 670    • 680    •
complex these bonds involve only the C-terminal lobe.)
The chief difference in the interactions occurs for residues
Met784, Ala787 and His788 of the scallop HC, compared
with Leu661, Lys664 and Met665 for the target peptide of
apo-CaM (Fig. 5). These residues interact with the inter-
lobe linker 2, which has one residue less in CaM compared
with the scallop ELC. The differences in the interactions
of the two complexes are thus rather limited, and allow us
to predict specific variations in the IQ motif sequence that
can occur without interfering with complex formation.
Discussion
Evaluation of the model
A number of assumptions were made in carrying out the
modeling, and it is worthwhile to consider these premises
in evaluating the strengths and weaknesses of the model.
The long a helix of the conventional myosin HC (corre-
sponding to the scallop ELC-binding site, residues 777–
809) was used as the basic element of the apo-CaM–IQ
motif complex. In addition to the strict conservation of the
core glutamine and arginine residues in both the conven-
tional and unconventional myosin HC IQ motifs, the
hydrophobic and aromatic residues along the target helix
exhibit a characteristic pattern found in most IQ motif
target sequences (Fig. 3). One large patch of hydrophobic
residues in the HC N terminus is followed by a smaller
patch on the opposite side. The location of these apolar
surfaces signals the position of the C- and N-terminal lobes
of the myosin LCs as they wrap around the HC. We cannot
determine, however, whether there is a bend near the C
terminus of this helix (as seen in the scallop myosin HC)
since the HC bending may be related to as yet unknown
interactions between adjacent CaM subunits (see below).
In the model we have assumed that the C-terminal lobe of
CaM adopts a semi-open conformation that interacts with
the N-terminal portion of the IQ motif peptide. To date,
the structure of two semi-open lobes have been deter-
mined at high resolution: those of the scallop ELC and
RLC, both interacting with an IQ motif target sequence
[8]. Comparison of these two structures reveals the close
similarity of their conformations and the interactions they
make with the peptide (despite only a 14 % sequence
identity). This finding suggests that the IQ motif interac-
tions are dominant factors determining the structure of
this part of the complex. Moreover, the striking sequence
homology of CaM and the scallop ELC C-terminal lobes
(95% homology for the EF-hand domain III, linker 3 and
helix G; Fig. 2) is a strong argument in favor of this
assumption.
Based on NMR studies, the C-terminal lobe of apo-CaM
free in solution has been reported to assume at least two
conformations: 90% of the population adopts a conforma-
tion called closed [15] (or more recently semi-open [16])
and 10% is less well characterized [9,10]. Significant dif-
ferences exist, however, between the original semi-open
conformation found in the C-terminal lobes of the LCs
bound to myosin by X-ray crystallography [4] and that of
the C-terminal lobe of apo-CaM free in solution. The ori-
entation of the helices in apo-CaM in solution places the
lobe tips too close (~8.5 Å separation versus 13Å in the
LCs) for a target peptide to be gripped (Fig. 1). Moreover,
a significant change in the conformation of linker 3 would
have to occur in this lobe of apo-CaM to allow the critical
hydrogen bonds, previously described, to be formed. On
this basis, we believe that a better description of this con-
formation of the apo-CaM C-terminal lobe would be
‘almost closed’ (Fig. 1). Thus we would reserve the term
semi-open to describe only a precise conformation which,
based on present evidence, is attained by this rather flexi-
ble lobe in the absence of Ca2+, and when it is stabilized
by interactions with a target peptide having an IQ motif.
In the apoform of the complex, the N-terminal lobe of
CaM has been modeled in a closed conformation as it is in
the ELC–HC complex. Few constraints are imposed by
the IQ motif on the conformation of this lobe [4]. Thus in
the absence of Ca2+, it seems likely that the CaM N-termi-
nal lobe will adopt a closed conformation as it does in
solution. Moreover, the differences between the confor-
mations of the N-terminal lobes of CaM and the ELC are
located far from the interaction sites with the peptide
(Fig. 7) which, in contrast, are rather similar in the two
structures. The root mean square deviation in the posi-
tions of the Ca atoms for all residues of this lobe in the
model and in apo-CaM in solution [9] is 1.5Å, showing
that these structures are very similar. Linker 1 of the
N-terminal lobe of ELC is involved in a number of con-
served interactions both with the linker 3 of this LC 
and with the glycine and arginine residues of the core
sequence of the IQ motif. In this region, proximal to the
C-terminal lobe of the ELC, the position of the N-termi-
nal lobe is, therefore, relatively fixed. In contrast, the
distal part of this lobe does not interact with the HC in
such a specific manner and is likely to be influenced by
interactions with the adjacent lobe.
In contrast to the relatively static closed N-terminal lobe
of apo-CaM in solution, NMR studies have shown that a
conformational exchange process takes place, on a time
scale of several hundred seconds, for the C-terminal lobe
[9,10]. This notion is consistant with our model of apo-
CaM bound to an IQ motif peptide. To bind to the IQ
motif peptide, the C-terminal lobe of CaM must undergo
some conformational rearrangements, whereas the N-ter-
minal lobe remains in a stable closed conformation.
Calcium binding
The model we have proposed accounts for the unique
ability of CaM to bind tightly to an IQ motif target peptide
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1480 Structure 1996, Vol 4 No 12
Figure 3
Conventional myosins (myosin II)
AEIITR TQ ARC RG FLM R VEYRRMVERRESIFC IQ YNV RS FMNVKHWPWMKLFFKIKPLLK Sk Ck (784–843)p13538
SRIITR IQ AQS RG VLA R MEYKKLLERRDSLLV IQ WNI RA FMGVKNWPWMKLYFKIKPLLK Cdb H (782–841)p12883
SKIISM FQ AHI RG YLI R KAYKKLQDQRIGLSV IQ RNI RK WLVLRNWQWWKLYSKVKPLLS Sk Sc (779–838)x55714
TDVIIA FQ AQC RG YLA R KAFAKRQQQLTAMKV IQ RNC AA YLKLRNWQWWRLFTKVKPLLQ Sm Ck (792–851)p10587
SDLIVN FQ AFC RG FLA R RNYQKRLQQLNAIRI IQ RNC AA YLKLRNWQWWRLYTKVKPLLE Nm Dr (831–890)q99323
Neuromodulin family
1) IEQDGIKPEDKAHKAATK IQ ASF RGHIT R KKLKGEKKGD a Nom Bovine (20–58) p06836 SP
2) IEQDGVKPEDKAHKAATK IQ ASF RGHIT R KKLKGEKKGD a Nom Murine (20–58) p06837 SP
3) DILDIPLDDPGANAAAAK IQ ASF RGHMA R KKIKSGERGR a Ng Bovine (13–51) p35722 SP
Unconventional myosins
     Myosin I type amoeba
1) LFHLEECLDRKDYDCTLR IQ KAW RHWKS R KHQLEQRKMAADLL b1 M.IB, Ac. (669–711) p19706 SP
2) WKMYKQRKWYLRTLAAIK IQ RTY RGWLL V RECVKLKNQSISIF c2 M.IA, Dd. (733–775) p22467 SP
3) VFLLEEALDKKDFDCTAK IQ KAF RNWKA K KHSLEQRAQIAHMF c1 M.IB, Dd. (683–725) p34092 SP
4) LFLLEEMRERKYDGYARV IQ KTW RKFVA R KKYVQMREDASDLL b1 M.I myr3 rat (684–726) x74815 GB
     Myosin I type brush border myosin
5) LFDLEKRRQQRVAELATL IQ KMF RGWCC R KRYQ a BBMI chick (644–730) p47807 SP
             LMRKSQIL IS AWF RGHMQ R NRYK b2
             QMKRSVLL LQ AYA RGWKS R RLLRELKVQR a (splice)
             RRHLAAST IS AYW KGYQT R RMYRRYFRSDAC b2
6) LFQLEDLRKQRLEDLATL IQ KIY RGWKC R THFL a Myr 1a Rat (693–867) x68199 GB
             LMKRSQVV IA AWYRR YAQ Q KRYQ d
             QIKSSALV IQ SYI RGWKA R KILRELKHQK a
             RCKEAATT IA AYW HGTQA R KERRRLKDEA d (splice)
             RNKHAIAV IW AFW LGSKA R RELKRLKEEA d
             RRKHAVAV IW AYW LGLKV R REYRKFFRANAGK d
     Myosin I type bovine adrenal
7) LFATEDALEIRRQSLATK IQ ATW RAFHC R QKFL a2 MMI β, bov. (688–775) z22852 GB
             RLKRSAIC IQ SWW RGTLG R RKAA a
             KRKWAAQT IR RLIQG FIL R HAPRCPENAFFVD a3
8) LFATEDSLEVRRQSLATK IQ AAW RGFHW R QKFL a Myr2 Rat (688–775) x74800 GB
             RVKRSAIC IQ SWW RGTLG R RKAA a
             KRKWAAQT IR RLI RGFIL R HAPRCPENAFFLD a3
     Myosin I type myr4
9) LFTLEELRAQMLVRVVLF LQ KVW RGTLA R MRY a Myr4 Rat (687–751) x71997 GB
             KRTKAALT II RYY RRYKV K SYIHEVARRFHGVK d
     Myosin III
10)NDEFLARLYELQVKKVIK VQ SMM RALLA R KRVKGGKVFKLGKKG a2 NinaC, Dr. (1025–1103)p10676 SP
           PEHHDVAASK IQ KAF RGFRD P VRLPPLVNEKSGQL c2
     Myosin IV
11)QRGLELQRNIAVERVTIQ IQ AGV RRMFA R RLYKRMRAIKPVLL b1 HMWMI, Ac. (743–785)p47808 SP
Myosin V
12)VAYLEKIRADKLRAACIR IQ KTI RGWLM R KKYM a p190 Ck. (756–918) q02440 SP
             RMRRAAIT IQ RYV RGHQA R CYATFL a
             RRTRAAII IQ KFQ RMYVV R KRYQ b1
             CMRDATIA LQ ALL RGYLV R NKYQMM a
             LREHKSII IQ KHV RGWLA R VHYH a
             RTLKAIVF LQ CCF RRMMA K RELKKLKIEARSVER c1
in the absence of Ca2+. Indeed, the N-terminal lobe must
be Ca2+-free for a closed conformation to be adopted.
Moreover, the special topology of the semi-open C-termi-
nal lobe of CaM is not compatible with Ca2+-binding. In
fact, there is a close relationship between Ca2+-binding
and lobe conformation in CaM which depends critically on
the position of liganding residue 12 at the end of each
metal-binding loop [8]. EF-hand residues at positions 1
and 12 of the loops in domains III and IV are located at the
end of one helix and the beginning of the next helix,
respectively, so that their position is closely linked to the
relative orientations of these helices, and thus to whether
the lobe is open, semi-open or closed (Fig. 8). In order for
a domain to bind Ca2+, the twelfth residue of the loop
must adopt a specific position relative to the first residue
[8]. In the case of CaM this position is compatible with a
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Figure 3 continued
13)LAYLEKLRSNKMHNSIVM IQ KKI RAKYY R KQYL a2 myo2, Yst. (773–935)p19524SP
             QISQAIKY LQ NNI KGFII R QRVNDE a1
             MKVNCATL LQ AAY RGHSI R ANVF a
             SVLRTITN LQ KKI RKELK Q RQLKQE c2
             HEYNAAVT IQ SKV RTFEP R SRFL a2
             RTKKDTVV VQ SLI RRRAA Q RKLKQLKADAKSVNH c2
     Myosin VI
14)    LRNRIIYRNKCVLI AQ RIA RGFLA R KQHRPRYQGIGKINK a 95F Dr. (801–840)q01989SP
     Myosin VII
15)DMLLEVERDKAITDRVIL LQ KVI RGFKD R SNFL a Human (733–871) C Petit PC
             KLKNAATL IQ RHW RGHNC R KNYG a
             LMRLGFLR LQ ALH RSRKL H QQYR c2
             LARQRIIQ FQ ARC RAYLV R KAFR a2
             HRLWAVLT VQ AYA RGMYS P AGCTIRLRAEYLWRL c2/d
     Myosin VIII (Plant myosins)             
16)QIGVLEDTRNRTLHGILR VQ SSF RGYQA R CLLK a ATM1 (828–943)s33812GB
             ELKRRISI LQ SFV RGEKI R KEFAELR a
             RRHKAAAT IQ SQV KSKIA R IQYK a2
             GIADASVV IQ SAI RGWLV R RCSGDIGWLKSGGAK a
     Myosin IX
17)RQALQERLHGEVLRRILL LQ SWF RMVLE R RHFV b1 myr 5, Rat (946–1057)x77609GB
             QMKHAALT IQ ACW RSYRV R RTL a2
             ERTRAAVY LQ AAW RGYLQ R QAYH a
             HQRHSIIR LQ SLC RGHLQ R RSFSQMMLEKQKAEQ a
    Myosin X
18)MAELDARRAEVLGNAARV IR AHV LGYLA R KQYK c/d Frog D Corey PC 
             KVLDCVVI IQ KNY RAFLL R RRFL a2
             HLKKAAVV FQ KQL RGQIA R RVYRQKKAEK a
    Myosin XI (Plant myosins)
19)MAELDARRAEVLGNAARV IQ RQF RTCMA R KNYR a2 Mya1 (721–884)z28389GB
             SIRNAAIV LQ SFL RGEIA R AVHKKL a
             RIEAAALR VQ KNF RRYVD R KSFV b1
             TTRSSTIV LQ TGL RAMIA R SEFRLR a2
             RQRKAAIV LQ AHW RGRQA F SYYT c2
             LRQKAAIV TQ CAW RCRLA R ELRMLKMAARDTGAL a2
IQ motif sequences. The location of the sequence in each protein is
indicated by the residue numbers in parentheses. The sequence identi-
fication number in the SwissProt database (SP) or GenBank database
(GB) is also indicated; PC indicates a personal communication. The
organisms from which the sequences were obtained are indicated: Ac,
Acanthamoeba; ATM1, Arabidopsis thaliana myosin 1; CdbH, human
cardiac beta; Ck, chicken; Dct, Dictyostelium; Dr, Drosophila;
HMWMI, high molecular weight myosin I; MM, mammalian myosin; Nm,
non-muscle; Nom, neuromodulin; Ng, neurogranin; Sc, scallop; Sk,
skeletal; Sm, smooth; and Yst, yeast. The consensus core residues of
the IQ motif are indicated in red. A letter (a to d in purple) next to each
sequence indicates our assessment of the similarities of CaM binding
to this sequence compared with that of the model (see text).
relative orientation of the two helices of about 90º, as in an
open lobe. When bound to a peptide with an IQ motif, the
residues of the C-terminal lobe farthest from the loop (i.e.
at the ‘tips’ of the lobe) that recognize this motif and grip
the peptide, impose a specific orientation on these two
helices that is characteristic of the semi-open conforma-
tion. Because the helices of the lobe must surround the
target helix for binding, the EF-hand loops are extended
and the twelfth residue of the loop is pulled back by ~6Å
from a possible Ca2+ liganding position. The position of
this residue is in fact close to that occupied by the same
residue in the closed form of the lobe (Fig. 8). Tight
binding of the IQ motif peptide by the C-terminal lobe in
a semi-open conformation is therefore incompatible with
the binding of Ca2+ in the two EF-hand loops of this lobe.
The absence of Ca2+ in domains III and IV of CaM bound
to an IQ motif peptide is supported by biochemical evi-
dence. For example, Myo2p (a myosin V from yeast) inter-
acts well with mutated forms of CaM that cannot bind
Ca2+; these mutants are functionally similar in this system
to wild type CaM [17].
In contrast to the LCs bound to IQ motif sequences in con-
ventional myosins, which (with the exception of molluscan
muscles) generally have only one metal-binding site in the
RLC, CaM contains four competent metal-binding loops.
As the Ca2+ concentration is raised, less CaM can bind to
the IQ motif peptide in the manner described by our model
as both lobes would begin to adopt the open conformation.
In this open state, the C-terminal lobe cannot bind to the
IQ peptide by the interactions described earlier for the
semi-open lobe. In some cases CaM would therefore be
released from the IQ motif target peptide (see below). The
open state might, however, be capable of recognizing a 
different set of sites on this peptide — similar to those
described for a non-IQ motif peptide bound to Ca2+–CaM.
Note that the core consensus IQ motif sequences generally
have the required amphipathic character with a hydropho-
bic surface on one side and a basic surface on the other, as
found in many target peptides to which Ca2+–CaM binds.
In such cases, the binding of Ca2+ could give rise to a con-
formational change in CaM, followed by a rebinding to the
target, rather than a dissociation of CaM from the target
helix. Note also that in this case, the N-terminal lobe, which
would now be open, might also bind the peptide tightly.
This kind of allosteric transition has been proposed in the
Ca2+ regulation of certain unconventional myosins such as
myosin V, from which CaM is not released by raising the
Ca2+ concentration [18,19].
Some biochemical evidence for the binding of an IQ 
motif peptide to CaM in two different conformations has
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Figure 4
Stereo diagram of the complex between apo-
CaM and an IQ motif peptide. Two views are
shown which are related by a 90° rotation
about the horizontal axis. The helical IQ motif
peptide (black, residues Arg654–Ser686) is
bent around residue Tyr675. The N-terminal
lobe of CaM (domain I in red, domain II in
yellow) adopts a closed conformation. The
C-terminal lobe of CaM (domain III in cyan,
domain IV in blue) adopts a semi-open confor-
mation. The complex has a rather elongated
shape; apo-CaM forms a channel which sur-
rounds the middle portion of the peptide. On
the other side of the interlobe linker (green),
interactions occur between the two lobes of
CaM. Among these linkages two hydrogen
bonds are made across the peptide helix
between the sidechain of residue Glu114 (in
ball-and-stick representation) in linker 3
(purple) and backbone nitrogens of Glu45
and Ala46 (blue balls) of linker 1.
recently been obtained using a 26-residue IQ motif corre-
sponding to the first motif of chicken brush border myosin
(AH, Z Grabarek & CC, unpublished data). Complexes
between this peptide and CaM form both in the presence
and absence of Ca2+, but the conformation of the CaM
complexes differs in the two cases, as shown by trypto-
phan fluorescence measurements and migration on native
gels. This model of a dual affinity of CaM for IQ motif
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Figure 6
Stereo diagram of apo-CaM bound to the IQ
motif peptide (only residues Arg654 to Tyr675
are shown for clarity, i.e. residues after the
bend in the peptide, Gln676 to Ser686, are
omitted). The sidechains of critical residues of
the IQ motif sequence are shown in ball-and-
stick representation to highlight the interac-
tions they make with the lobes of CaM. On
one face of the amphipathic target helix, the
Gln663 and Arg667 residues participate in
five hydrogen bonds with the mainchain atoms
of Met109, Leu112, Glu114 and Lys115 of
linker 3 (purple) of CaM; these linkages are
identical to those observed in the ELC–HC
complex. The three hydrophobic residues
Ile662, Phe666 and Trp669 (which corre-
spond to the first, fifth and eighth residues of
the consensus core sequence) interact on the
other side of the helix with the apolar interior
of the semi-open lobe (cyan and blue). At the
N-terminal end of the HC-binding region, the
sidechain of Arg654 interacts strongly with
that of Glu87 of helix E of CaM (cyan); simi-
larly, in the ELC–HC complex, Arg777 inter-
acts with Glu88 of the ELC. (Note, however,
that an arginine residue is not always con-
served in various IQ motif sequences.) Gly668
and Arg672 are two critical residues of the
consensus sequence which interact with
linker 1 (red) of the N-terminal closed lobe of
CaM. In the apo-CaM–peptide complex, three
hydrogen bonds occur between the sidechain
of Arg672 and the carbonyls of Arg37, Ile41
and that in the sidechain amide of Asn42;
these are also observed in the ELC–HC
complex. The equivalent residue for Asn42 is
Asn43 in the ELC. The glycine residue (green
ball) is very close to the N-terminal lobe, so
that a target peptide with a larger sidechain in
this position would probably alter this lobes
location from that in the model.
Figure 5
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Comparison of the interactions in the ELC–HC complex and in the
apo-CaM–IQ motif peptide complex. The sequences of both HCs,
scallop myosin HC (ScHC) and brush border myosin peptide (BBMI)
are aligned and the amino acid numbers are shown above and below.
The numbers under each residue indicate how many van der Waals
interactions (top number) and how many hydrogen bonds (number
below) each particular residue contributes to the interaction with each
lobe of the light chain (ELC for ScHC, CaM for BBMI). ELC1 and
ELC2 refer to the N- and the C-terminal lobes of the ELC; correspond-
ingly, CaM1 and CaM2 refer to the N- and C-terminal lobes of CaM.
The highly conserved interactions of the consensus IQ motif residues
are displayed in red; additional important interactions found in both
complexes are also indicated (in green when they occur with the
C-terminal lobe and in pink when they involve hydrophobic interactions
with the N-terminal lobe). Numbers in purple indicate the interactions
found only in one of the two complexes. The symbol * indicates that
interactions occur in the ELC–HC complex with residues of the C-ter-
minal linker of the ELC (residues Gly151, Pro152, Tyr153); these do
not occur in the CaM–peptide complex as the CaM sequence termi-
nates earlier at position Ala147, which corresponds to Ala150 in the
ELC sequence (see Fig. 2).
sequences at different Ca2+ levels, is also consistent with
the behavior of myosin LCs which lack functional EF-
hands in their C-terminal domains, yet bind tightly to
myosin HCs even at elevated levels of Ca2+. These non-
metal binding EF-hands may have evolved to insure their
structural role, regardless of the level of Ca2+.
Some implications of the model
The model accounts for a number of observations on the
affinity of CaM for different peptides containing IQ motifs.
CaM binding to the IQ motif of neuromodulin is prevented
by the phosphorylation of Ser41, which occurs in the fourth
position of the core motif [6]. The model shows that the
sidechain of this residue in the neuromodulin target (which
corresponds to Met665 in the apo-CaM–brush border peptide
model, or His788 in the ELC–HC complex) is buried and in
contact chiefly with both a hydrophobic (Ile82) and a nega-
tively charged residue (Glu87) of CaM, neither of which neu-
tralize the charge on the phosphoserine to allow complex
formation. Similarly, a point mutation in CaM (Gly113→Val)
in linker 3 has been reported to greatly affect the activity of
Myo2p [17]. The model shows that this glycine residue is
critical for linker 3 to adopt the conformation necessary for a
semi-open lobe. The Ramachandran angles of this residue
are only allowed for glycine whose presence permits the
carbonyls of both Leu112 and Glu114 of CaM to interact 
with the conserved glutamine sidechain in position 2 of the
IQ motif. 
The interactions between the two components of the ELC–
HC complex and the apo-CaM–peptide model are listed in
Figure 5; this information allows one to infer whether a par-
ticular sequence change in the IQ motif peptide will affect
CaM or LC binding. Thus, examination of the IQ motif
sequences found in various proteins (chiefly in the myosin
superfamily; Fig. 3) leads to a prediction of whether or not
the model we have constructed may be applicable. Most of
these sequences (denoted by a1 or a2) have the residues
that we consider as critical for this kind of model. Among
them, some have a residue with a small sidechain (alanine,
serine, threonine or cysteine) instead of the glycine found at
the seventh position, so that, as described above, their N-
terminal lobe may be positioned only slightly differently on
the HC. However, when the glycine is replaced by a residue
with a large sidechain (methionine, arginine, lysine, or histi-
dine; sequences indicated by the letter b1) the N-terminal
lobe cannot be modeled as described here. In some myosins
this difference may account for the preferential specificity
of this IQ motif sequence for a LC, rather than for CaM. 
In a number of myosin Vs, for example, two of the six IQ
motifs have a bulky sidechain at this position; correspond-
ingly, it is known that these myosins bind four CaMs 
and two LCs [20]. Note that such specific differences in 
a LC sequence may allow it to bind to the IQ motifs of
these unconventional myosins in a manner similar to that
modeled here for CaM.
Another type of substitution occurs in the second IQ motif
site of brush border myosin I (denoted here by b2). Here
the glutamine residue is replaced by a serine which, though
able to form a hydrogen bond, may be too short to interact
with linker 3. In this case it is possible that the replacement
of the glutamine results in a different mode of CaM
binding with a distinctive dependence on the precise level
of Ca2+ necessary for complex formation. This difference
may account for the fact that in the presence of Ca2+, CaM
dissociates from only one of its three binding sites on this
myosin [21,22]. Similarly, the last site of bovine adrenal
myosin I has an unusual sequence where the arginine and
glutamine are exchanged (denoted by b3). This difference
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Figure 7
Stereo diagrams comparing the ELC–HC
complex and that of apo-CaM bound to an IQ
motif peptide. The HC (white) and the peptide
(yellow) in the two complexes form similar
helices. Similar regions of the EF-hand pro-
teins are coloured in blue for ELC and red for
CaM, whereas portions of these molecules
which differ significantly are coloured in cyan
for ELC and orange for CaM. Among these
regions, loop2, the beginning of helix C and
loop 4 are located far away from the interac-
tions with the target helix. In contrast, the
interlobe linker (which is one residue shorter
in CaM than in the ELC) interacts with the
target helix, slightly modifying the interactions
in this region. Regions which interact with the
N-terminal part of the target helix (linker 1,
linker 3 and helices of the C-terminal lobe) are
very similar so that similar interactions occur
in these two complexes. The precise docking
of the N-terminal lobe as well as the bending
of the target helix are difficult to predict. The
orientation of helices A and B of the N-termi-
nal domain are slightly different in the two
complexes although they participate in similar
interactions with the C-terminal part of the
target helix.
may not, however, prevent the C-terminal lobe from adopt-
ing a semi-open conformation, and might account for the
finding that CaM dissociates from only one of the three IQ
motif sites in the presence of Ca2+ [23].
Few IQ motif sites (denoted by c1 or c2) lack the second
part of the IQ motif sequence. The model we have
described may aid in modeling only the C-terminal lobes of
CaM bound to such motifs. The model also does not apply
to the most degenerate CaM-binding sites (denoted by d).
One of these corresponds to the second CaM-binding site
on myr 4, a mouse myosin I, in which the glutamine, the
glycine, and the last arginine of the IQ motif core are
replaced by isoleucine, arginine, and lycine, respectively.
This target sequence is not able to bind to apo CaM [24],
and in our view, should not be designated as an IQ motif.
As this target sequence can, however, bind Ca2+–CaM, and
has the properties of an amphipathic and basic helix, we
would predict that a complex of this site with CaM would
be similar in structure to conventional Ca2+–CaM–peptide
complexes [1–3].
Multiple binding sites in unconventional myosins
In conventional myosins two different LCs bind to two dif-
ferent IQ motif sequences in tandem, forming an extended
‘neck’ region (or regulatory domain) of the molecule. The
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Figure 8
Comparison of the C-terminal lobe of CaM in
three different conformations and conse-
quences for the binding of Ca2+ ions in the
EF-hand loops. (a) Apo-CaM free in solution
adopts an almost closed conformation (top).
(b) Bound to an IQ motif peptide (grey helix),
apo-CaM would adopt a semi-open conforma-
tion (middle). (c) Bound to a non-IQ motif
peptide (grey helix), Ca2+–CaM adopts an
open conformation. The 12th residue of the
loops (Glu114 for loop 3, Glu140 for loop 4)
occupies a similar position in the semi-open
and almost closed conformations, precluding
the binding of Ca2+. In this position, the dis-
tance between the Ca of the first and the
12th residue is ~10 Å, compared with ~6.5 Å
in an open lobe, so that the 12th residue
cannot participate in Ca2+ binding. In order to
bind to an IQ motif peptide, interactions of
residues of the four helices furthest from the
loop region are required; the locations of
these helices prevent the positioning of the
12th residue close enough to ligand the Ca2+
ion. In contrast, in the open conformation,
residues of the linker region do not participate
in the binding of an non-IQ motif peptide and
the 12th residue participates in Ca2+ binding.
LCs are in contact with one another, and in the case of
scallop myosin, the region of contact (which involves the
metal-binding first loop of the ELC) plays an important role
in the regulation of the enzymatic activity of this molecule.
In contrast to conventional myosins, where the separation of
the two IQ motif sequences is always 26 residues, uncon-
ventional myosins may contain from one to six IQ motifs
tandemly arranged and separated from one another by from
22 to possibly 36 residues. (This latter separation between
the two motifs in the neck region occurs in a myosin III
[NinaC; SwissProt accession number p10676]). The stabi-
lization of the long HC of myosin by interactions with either
the LC or CaM molecules produces an elosngated regula-
tory domain which functions as a lever arm to amplify con-
formational changes occurring in the motor domain during
the contractile cycle. Differences in the length of this lever
arm in members of the myosin superfamily, produced by
differences in the number of adjacent LC or CaM subunits
bound, affect the velocity of actin movement [25]. More-
over, in the case of certain unconventional myosins, altering
the level of Ca2+ regulates the molecule’s motility, presum-
ably by affecting the number of CaM molecules bound to
the HC or altering their mode of binding [5]. Differences in
the number of IQ motifs present, as well as their precise
sequences and separation on the HC, determine the nature
of possible interactions between adjacent CaM molecules
— hence, how Ca2+ may regulate the activity of different
unconventional myosins.
It is difficult to model the interactions of multiple CaM mol-
ecules bound to a HC as a number of structural features
which may influence one another must be known: for
example, the precise docking of the N-terminal lobe to the
HC and whether, or how, the HC helix is bent. The fact that
the HC bending angle between the two LCs is quite differ-
ent in two closely related conventional myosins (chicken
and scallop) [8], shows how difficult it is to predict this 
structural feature. The model we have described of one apo-
CaM–IQ motif peptide complex, would need to be modi-
fied to allow plausible interactions with an adjacent CaM.
We have explored some aspects of this modeling that reveal
possible modes of interaction in certain cases.
In most cases the target site for CaM in unconventional
myosins spans 23 residues. When one attempts to model
two adjacent CaM molecules bound to complete IQ motifs
separated by 23 residues, it is plain, however, that linkages
similar to those that occur between loop 1 and linker 3 
in conventional myosins (where the IQ motifs are sepa-
rated by 26 residues) cannot occur. If the orientation of the
N-terminal lobe relative to the C-terminal lobe of the first
CaM is maintained, as in the model described above, it is
necessary to keep the HC helix nearly straight in order to
avoid steric clashes between adjacent CaMs separated by
only 23 residues. Contacts can then be made between loop
1 and loop 3 of the two CaMs (Fig. 9). Examples where
such a picture may apply include: three sites in bovine
adrenal myosin I and in brush border myosin I (if the
second site behaves as a complete IQ motif), the first two
sites in myosin V, VII, VIII and XI, and the two last sites
of a myosin VIII (Arabidopsis thaliana myosin I; ATMI),
myosin IX and myosin X (Fig. 3).
In myosin V and XI, the six CaM-binding sites are separated
by an alternating pattern of 23 and 25 residues. As noted
earlier, two of the six motifs bind LCs rather than CaM [20],
but it is not yet clear to which specific site they bind. In the
myosin Vs, there are at least two complete IQ motifs sepa-
rated by 25 residues (for example, sites four and five in ver-
tebrate myosin V, and sites two and three in yeast myosin I).
Assuming that these sites bind CaM in a manner similar to
the model we have described for an isolated site, one can
envisage the possible interactions between them. If the HC
were modeled as a straight helix, there could be no inter-
action between neighboring CaMs, whereas if it were bent
by ~40º (as in the scallop HC), loop 1 of the first CaM would
be close to the interlobe linker of the second CaM, requiring
a different kind of interaction between adjacent CaM mol-
ecules than that described above for the 23 residue separa-
tion (Fig. 9). In another example, the second and third 
sites of a myosin VIII (ATMI; Genbank accession number
s33812) are separated by 26 residues which can be modeled
like the scallop ELC–RLC with an interface between loop 1
and linker 3 (Fig. 9). Note also that in the case of multiple
CaM binding to target sites, one would expect some cooper-
ativity in conformational changes between sites as a function
of the level of Ca2+, compared with the behavior of isolated
CaM complexes. The inter-CaM linkages made by the
metal-binding loop 1 in apo-CaM would play a critical role
in this cooperativity. Additional biochemical and structural
information will test some of the predictions in Figure 9 and
will extend our knowledge of the diversity in the regulation
of these myosins.
Calmodulin–converter interactions
The above considerations have dealt only with inter-CaM
interactions, but there is a special role played by the con-
tacts that the first CaM makes with the motor domain of
the myosin head (S1). Based on previous structural studies
of S1 in conventional myosins [26], it appears that contacts
at the motor domain–ELC interface allow the conforma-
tional changes that occur in the motor domain to be trans-
mitted to the rest of the molecule. The particular region 
in the motor domain where these contacts are made has
been called the ‘converter’ [8], as it appears to be the 
site where the conformational changes occurring in the
ATPase pocket and actin-binding site are relayed to the
regulatory domain. Moreover, evidence from recent crys-
tallographic studies [27] indicates that for proper function-
ing of the converter, and hence the entire motor domain,
interactions with this region and the LC are necessary as
they appear to stabilize the converter. As seen in skeletal
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muscle S1 [26], the motor domain–ELC interface involves
chiefly the surface of domain III of the ELC. The
sequence homology between the ELC and CaM in this
region (Fig. 2) allows us to predict that similar interactions
would occur between the motor domain of unconventional
myosins and CaM. The HCs of the motor domains in the
myosin superfamily also display a high conservation of
sequence [12], particularly in the C-terminal portion of the
converter (data not shown). We would therefore expect
that the first CaM in the regulatory domains of unconven-
tional myosins plays a functional role related to that of the
ELC in conventional myosins. In addition, because of its
interactions with the converter, this first CaM may be crit-
ical in the regulatory mechanisms of many unconventional
myosins. For example, in some unconventional myosins,
an increase in the calcium concentration results in an 
inhibition of the motility [5]. In this case, we picture that
CaM would either be released from this first site, or 
its conformation would be affected (see Calcium binding
section above). Note that in regulated conventional
myosins, control of motility requires interactions of both
heads of the molecule which produce an ‘off’ state at low
calcium levels [8]. In contrast, in unconventional myosins,
low levels of calcium are required for normal motility,
because as we have shown, only apo-CaM can adopt a con-
formation which interacts efficiently with the converter.
Moreover, many of these unconventional myosins (e.g.
myosin Is) are single-headed, indicating that the regula-
tory mechanism must be different from that in conven-
tional regulated myosins. Taken together, our results
show that the structural versatility of CaM allows it to
display properties similar to those of the LCs at low 
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Figure 9
Adjacent CaM-binding sites occur in many
unconventional myosins where the IQ motif
sequences are repeated tandemly in the HC.
Possible interactions between two CaM mol-
ecules (N-terminal lobe in red, C-terminal lobe
in yellow) bound to a HC helix (blue). The
tandem IQ motifs are shown (glutamine and
arginine residues depicted in ball-and-stick rep-
resentation) separated by 23 (a), 25 (b,c) or
26 (d) residues, respectively. (a) Model of two
CaM molecules bound to a straight target helix
in which the two IQ motif sequences are sepa-
rated by 23 residues. Loop 1 of the top CaM is
close to loop 3 of the second CaM. (b) Model
of two CaM molecules bound to a straight helix
in which two IQ motif sequences are separated
by 25 residues. This model is unlikely to be
correct as no interaction stabilizes the target
helix between the two CaMs and no interaction
can occur between the two CaM molecules.
(c) When the HC helix is bent, a more plausi-
ble model can be constructed for two CaM
molecules bound to a helix in which the IQ
motif sequences are separated by 25 residues.
In this case, loop 1 of the top CaM is close to
helix C and the interlobe linker of the second
CaM. (d) In the case of a HC helix containing
two IQ motif sequences separated by 26
residues, a bend of the HC helix similar to that
observed in conventional myosins [6] allows
loop 1 of the top CaM to interact with linker 3
of the second CaM. 
concentration of calcium, and to act as a regulatory switch
at higher calcium concentrations.
Biological implications
The enzymatic activity and/or motility of many classes
of myosin are regulated by a mechanism within the mol-
ecule itself, but there are distinct mechanisms of regula-
tion in different myosins. Unconventional myosins are a
diverse group of motor proteins that carry out a wide
range of cellular activities. The enzymatic and actin-
binding motor domains of the head portion of all myosins
are relatively conserved, but the elongated regulatory
domain (RD) of the heads are different. In conventional
myosins, the RD binds two different light chains (LCs);
in unconventional myosins, from one to six calmodulin
(CaM) subunits and/or specialized LCs are tandemly
bound. In both cases the heavy chains (HCs) of the RDs
have special sequences called ‘IQ motifs’ to which the
LCs or CaM bind. Many unconventional myosins are
single headed (e.g. myosin Is) so that the regulation of
their activity must be different from that of two-headed
conventional regulated myosins, such as those from 
vertebrate smooth and molluscan muscles. In these con-
ventional myosins, interactions between the two heads
appear to be required to shut off the motor. Moreover, in
the case of certain unconventional myosins, low levels of
Ca2+ switch on the motility of the molecule, whereas
under these conditions the activity of all regulated con-
ventional myosins is shut off. Although the atomic struc-
tures of the RDs of some conventional myosins have
been determined, we do not yet have a crystallographic
structure for the RD of an unconventional myosin.
Here we describe a model we have constructed for the
binding of Ca2+-free CaM to the first IQ motif in an
unconventional myosin (chicken brush border myosin I).
We have based the model on the strict binding rules 
we have previously determined from the 2.0Å resolution
structure of the scallop myosin RD, and the close
sequence and structural homologies between CaM and
the essential LC of scallop myosin, as well as the IQ motif
targets in the two cases. In the model the Ca2+-free C-ter-
minal lobe of CaM, like that of the myosin LC adopts a
‘semi-open’ conformation which displays strong specific
linkages to the first part of the IQ motif, while the ‘closed’
N-terminal lobe binds rather weakly to the HC in both
cases. The model thus accounts for the unique ability of
CaM to bind to a target peptide in the absence of Ca2+.
The model also accounts for a number of observations on
the affinity of CaM for different peptides containing IQ
motifs. We have shown that differences in the number of
IQ motifs present in the HC of a non-conventional
myosin, as well as their precise sequences and separation
on the HC, determine the nature of possible interactions
between CaM molecules and, hence, how Ca2+ may regu-
late the activity of different unconventional myosins. We
predict that, because of its interactions with a key region
in the motor domain (which we call the ‘converter’), the
first CaM molecule in the RD of unconventional myosins
plays a special functional role related to that of the essen-
tial LC in conventional myosins. We suggest that an
increase in Ca2+ concentration, which would lead to the
open conformation of the C-terminal lobe of this CaM,
would also induce its possible release from the HC. Loss
of this CaM, or a change in its conformation, could then
account for the inhibition of motility found at higher Ca2+
concentrations in certain unconventional myosins. Based
on this view, the apparently paradoxical effects of Ca2+ in
the regulation of non-conventional myosins spring from
the conformational versatility of the CaM molecule.
Materials and methods
We have chosen the first IQ motif of chicken brush border myosin I for
the binding site to model the Ca2+-free CaM–IQ complex because it
conforms to a core consensus sequence Ile-Gln-x-x-Ile-Arg-Gly-x-x-x-R
representative of many CaM-binding sites on unconventional myosins
(Fig. 3). This sequence is also similar to the ELC-binding site on con-
ventional myosins (Fig. 2), whose structure has been determined to 2.0
Å resolution in the scallop myosin regulatory domain [8].
The target peptide was modeled using the a helix of the scallop myosin
regulatory domain HC as a template (corresponding to the ELC-binding
site), and aligning the sequence by matching the IQ motif consensus
residues. The conformation of the sidechains for unmatched residues
were selected from a Ponder & Richards rotamer library to avoid steric
conflicts with the rest of the molecule. In our model of the CaM–peptide
complex, we have thus made the assumption that the conformation and
orientation of the target peptide interacting with CaM would be almost
identical to that found in the ELC–HC scallop complex. We consider
this assumption valid for the first 20 residues (Arg654–Tyr675) which
describe a straight helix that interacts with both lobes of CaM. However,
at about the position of residue Tyr798 of this helix in scallop myosin
(corresponding to Tyr675 of the CaM peptide) a bend occurs near the
interface between the two LCs that permits some additional interactions
of the N-terminal lobe of the ELC with the HC and the RLC. Although
our present model consists of only one CaM–IQ motif, we have con-
served this bend in the C-terminal portion of the peptide so that interac-
tions with CaM are maximized. It is plain that the structure will be
influenced by the presence of another CaM-binding site adjacent to this
region (see discussion above).
The preliminary three-dimensional model for vertebrate CaM bound to this
peptide was built based on the coordinates of the scallop ELC–HC
complex and therefore has a semi-open conformation for the C-terminal
lobe of CaM and a closed conformation for the N-terminal lobe. Sequence
homology and conservation of key interactions with the peptide, as
observed in the ELC–HC complex, were used as guides in modeling the
CaM structure.
We have chosen the ELC as the template for the C-terminal semi-open
lobe in apo-CaM rather than the RLC because of its strong sequence
homology with CaM and because the length of helix G is similar in the
ELC and CaM, but shorter by two residues in the RLC. Most of the
CaM C-terminal lobe (residues Ser81–Glu132, Lys137–Ala147) was
modeled by substituting the CaM sequence for that of the ELC (95 %
homology) and using the coordinates of the corresponding region of
the ELC. In contrast, the short segment between residues Asp133–
Val136, belonging to EF-hand loop IV, has been modeled somewhat
more arbitrarily as it exhibits only a weak homology with the ELC and is
two residues shorter in CaM. Most of the non-homologous residues
between the CaM C-terminal lobe and the ELC are positioned in the
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model at the surface facing the solvent. Few of these non-homologous
residues (5 out of 19) are positioned near the target peptide and have
only minor effects on its binding (see above). A detailed comparison of
the semi-open lobes of the ELC and RLC shows that helix F, linker 1
and helix G adopt very similar positions in the two structures and with
respect to the HC. It would therefore appear that this region of the
model is well defined. The regions of the C-terminal lobes further away
from the interactions with the HC, particularly those defining the loops,
may be somewhat less accurate. Comparison of the lobes also reveals
that some flexibility might be expected in the precise position of helices
E and H. For example, the E helices adopt a similar orientation in both
structures but they are shifted with respect to one another by about
half a helical turn.
As a template for the N-terminal closed lobe, the coordinates of the
N-terminal lobe of troponin C (TnC) determined at 1.8 Å resolution
[28], were chosen over those of the closed N-terminal lobe of ELC
because of the strong homology to CaM (79 %): particularly for the
loop regions critical to Ca2+-regulated conformational changes. (Both
loops of the N-terminal domain of the ELC have very unusual features
in the CaM superfamily [8]. The distinctive sequence of loop 1 allows
the binding of Ca2+ in an unconventional manner and the presence of a
Gly-Gly-Pro residue sequence shortens helix C of the ELC by one and
a half turns compared to this helix in TnC and CaM so that the resultant
particularly long loop 2 of the ELC is unique among the members of the
CaM superfamily.) Although the packing of the helices A B and C of
this closed lobe can be conserved exactly as in the closed lobe of TnC,
helix D, particularly its C-terminal end, had to be reoriented in order to
model a linker of the proper size between the two lobes of CaM bound
to its peptide. Helix D therefore has an orientation more similar to that
found in the ELC than in the structures of either apo-TnC or apo-CaM.
After substituting the CaM sequence into the coordinates of the TnC
N-terminal lobe [28], nearly all the non-homologous residues (12 of 15)
are directed towards solvent in the CaM model. Of the remaining three
residues, Ser38, belonging to linker 1 and Glu45 from helix C, are
located at the interface with the peptide and interact with it.
The positioning (or docking) of the closed lobe of CaM at the surface
of the peptide, together with a possible bend of the target helix of the
peptide described above, allow some degree of flexibility in the model-
ing. We have chosen an orientation of the lobe for which the interac-
tions of the external surface of the lobe of CaM and the helical peptide
would be maximized. The positions of the A and B helices in relation to
the peptide in the CaM–complex therefore differ slightly from those of
these two helices in the ELC–HC complex in order to promote van der
Waals interactions between residues of the peptide and CaM near
loop 1. After the docking, the conformation of linker 1 of this closed
lobe was slightly modified from that of the TnC template in order to
allow critical interactions to occur involving linker 1 of the closed lobe
of CaM and the glycine and arginine residues of the core sequence in
the peptide (as observed in the ELC–HC complex). This linker interacts
both with the arginine–glycine and arginine residues of the peptide and
with Glu114 of linker 3 of the C-terminal lobe. Finally, the short inter-
lobe linker has been modeled in order to connect residues Lys77 and
Ser81. The position of both of these ends is constrained and defined
by the conformation of helices D and E; only three residues had to be
modeled. The conformation of the interlobe linker in CaM is similar to
that of this linker in the ELC although it is shorter by one residue.
Sequence alignments, molecular superpositions, and automated and
manual model building were carried out using the Quanta 4.0 molecular
graphics program (Molecular Simulations, Inc., Burlington, MA, USA)
for the first step of the modeling. Further graphic modifications of the
model were carried out using O [29]. Most of the CaM sidechains dif-
fering from those of the template have been aligned to be as far as pos-
sible similar to those of the template; a few unmatched lengths of
sidechain have been manually adjusted to avoid steric conflict with the
rest of the molecule. The X-PLOR crystallographic refinement program
was used for energy minimization using the Powell method [30]. The
model was analyzed for correctness using the PEPFLIP option in O
[29] and with the program PROCHECK [31].
Accession numbers
The atomic coordinates of the model will be submitted to the Brookhaven
Data Bank. Coordinates are also available directly from the authors by 
e-mail (anne@auriga.rose.brandeis.edu).
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